A striking pattern, seen in both fossil and extant taxa, is that tropical ectotherms are better at invading temperate habitats than vice versa. This is puzzling because tropical ectotherms, being thermal specialists, face a harsher abiotic environment and competition from temperate residents that are thermal generalists. We develop a mathematical framework to address this puzzle. We find that (i) tropical ectotherms can invade temperate habitats if they have higher consumption rates and lower mortality during warmer summers, (ii) stronger seasonal fluctuations at higher latitudes create more temporal niches, allowing coexistence of tropical invaders and temperate residents, and (iii) temperate ectotherms' failure to invade tropical habitats is due to greater mortality rather than lower competitive ability. Our framework yields predictions about population-level outcomes of invasion success based solely on species' trait responses to temperature. It provides a potential ecological explanation for why the tropics constitute both a cradle and a museum of biodiversity.
Introduction
The vast majority of biodiversity on the planet consists of ectotherms, species whose body temperature depends on the environmental temperature. Latitudinal variation in seasonal temperature regimes is therefore a major factor that determines ectotherm diversity patterns [1] [2] [3] . One well-documented pattern is the greater success of lower-latitude ectotherms at invading higher-latitude habitats: diversity at higher latitudes is primarily the result of tropical taxa originating in the tropics and expanding their distributions to higher latitudes; taxa originating at higher latitudes and expanding to the tropics are rare, as are re-invasions of the tropics by taxa adapted to higher latitudes [4] [5] [6] . These findings buttress the argument that the tropics are both a cradle and a museum of biodiversity (i.e. taxa originate in the tropics and spread to higher latitudes while maintaining their tropical presence [7, 8] ). Latitudinal directionality in invasion success is also observed in contemporary ectotherm taxa. There are numerous instances of tropical and subtropical ectotherms successfully invading temperate latitudes (e.g. cane toad [9] , Asian tiger mosquito [10] , fire ant [11] , scale insects [12] ). Although there are instances of temperate ectotherms invading tropical or subtropical habitats [13] , the most successful temperate invaders of such habitats are endotherms (e.g. birds and rodents [14] ).
The mechanisms that generate higher ectotherm diversity in the tropics are relatively well understood. The tropics have higher speciation and lower extinction rates [8, [15] [16] [17] . However, the mechanisms that allow tropical ectotherms to expand to higher latitudes are not as well understood. Although such expansion is ultimately the result of adaptation to higher-latitude environments, adaptation is contingent on two ecological pre-requisites. Species adapted to tropical climates must be able to increase when rare in a novel abiotic environment, and overcome competition and predation from higher-latitude species. If a species of tropical origin cannot successfully establish in a higher-latitude community, it will not have the opportunity to adapt to the novel abiotic and biotic environments at higher latitudes. To paraphrase Hutchinson [18] , we need to understand how well the ecological theatre is set, before we can see how the evolutionary play of latitudinal diversity gradients unfolds.
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There are three parts to the puzzle of why tropical ectotherms are more successful at invading higher-latitude habitats than vice versa. First, how can tropical ectotherms, which are adapted to high mean temperatures and low-amplitude seasonal fluctuations, invade habitats of low mean temperatures and high-amplitude fluctuations? The very adaptations that maximize fitness in a tropical climate-high thermal optima and narrow response breadths-should cause failure in a temperate climate. Second, why cannot temperate ectotherms, which are thermal generalists, prevent the establishment of tropical invaders, which are thermal specialists, in temperate communities? Third, why are temperate ectotherms, being thermal generalists, less successful in invading tropical habitats than tropical ectotherms are at invading temperate habitats? Answering these questions is crucial in understanding how ectotherms originating in the tropics adapt to abiotic environments at higher latitudes, and why species thus adapted are less successful at reinvading the tropics and displacing tropical endemics.
Here we develop a trait-based mathematical framework to investigate the ecological underpinnings of the observed directionality in ectotherm invasion success. We ask how the joint effects of abiotic variation and biotic interactions on species' life history and resource consumption traits translate into population-level patterns of invasion success across latitudes.
Mathematical framework
We consider temperature as the axis of abiotic variation, given strong evidence that latitudinal variation in seasonal temperature regimes is a major determinant of ectotherm diversity patterns [1] [2] [3] . We consider competition as the major biotic interaction that limits ectotherm species invading a novel environment. Our framework is general and can incorporate other limiting factors such as predation and parasitism.
The directionality observed in the fossil record is the result of geographical range expansion, a gradual, stepping-stone type of process occurring over millennial time scales [19] . The directionality observed in contemporary invasions is a more abrupt process (e.g. anthropogenic introduction of exotic species) occurring over ecological time scales on the order of species' generation times. We investigate the latter case because it constitutes the worst-case scenario for an ectotherm species from a given latitude invading a lower or higher latitude. If species can successfully invade under these circumstances, they will certainly be successful in the stepping-stone-type invasions that probably occurred during the expansion of tropical taxa into higher latitudes.
When the resident and invader species compete for a biotic resource, the dynamics of their interaction can be described by
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where R(t), C R (t), and C I (t) depict the abundances of the resource, the resident consumer and the invader, and T(t) is the seasonal temperature regime in the invader's new environment. The functions b(T(t)), d(T(t)) and q(T(t)) depict the resource species's temperature-dependent birth rate, mortality rate and self-limitation strength, a X (T(t)) and d X (T(t)) (X = R, I) depict the resident and invader's per capita consumption and mortality rates, and e X (X = R, I ) their conversion efficiencies. Conversion efficiencies are typically temperature-independent due to the underlying stoichiometric properties [20, 21] , and there is no evidence that they change systematically with temperature [22] . We consider linear functional responses for the two consumers because we want to investigate the effects temperature variation on invasion success in the absence of consumer-resource fluctuations resulting from Type II functional responses. The invader can increase when rare if it can maintain a positive per capita growth rate in a novel thermal environment with competition from the resident consumer. This will occur if 1 t
where R CR (T(t)) is the instantaneous resource availability set by the resident in the absence of the invader in a seasonally varying environment (see electronic supplementary material, appendix A for details), and t ¼ 365 days. By rearranging equation
we see that invasion success is given by the invader's lifetime reproductive success (LRS) in the new environment. Note that LRS results from the multiplicative effects of resource availability set by the resident (R CR (T(t))), the invader's resource acquisition ability (a I (T(t))), and its longevity (l(T(t)) ¼ 1=((1=t) Ð t 0 d I (T(t)) dt)). When the consumers exhibit linear functional responses and the only form of environmental variability is seasonal fluctuations, R CR (T(t)) can be approximated by the quantity (d R (T(t)))/(e R a R (T(t))) (electronic supplementary material, appendix A). Later we test the validity of this approximation by comparing the predictions of the invasion analysis with simulations of the full dynamical model (equation (2.1)). Now we have an analytical expression for invasion success in a novel thermal environment:
Inspection of equation (2.4) shows that invasion success is determined by (i) resource availability set by the resident species, which depends on the resident's consumption and mortality rates, (ii) the invader's resource acquisition ability, determined by its consumption rate, and (iii) the invader's longevity, given by the time average of its density-independent mortality rate. This means that latitudinal directionality in invasion success must result from tropical ectotherms invading temperate habitats experiencing higher resource availability, resource acquisition ability and longevity, or some combination thereof, compared to temperate ectotherms invading tropical habitats. The next step is to test this prediction by incorporating species' trait responses to temperature into equation (2.4).
royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 287: 20191411 (a) Temperature responses of species' traits Ectotherms' life history and consumption traits exhibit plastic responses to temperature, the result of temperature effects on the underlying biochemical processes [23] [24] [25] [26] [27] . Temperature effects on biochemical rate processes (e.g. reaction kinetics) give rise to trait responses that are monotonically increasing/ decreasing within the biologically relevant temperature range (i.e. temperature range between the lower threshold below which body fluids freeze and the upper threshold above which proteins denature [28, 29] ; table 1; electronic supplementary material, appendix B). In contrast, temperature effects on biochemical regulatory processes (e.g. neural and hormonal regulation [30] [31] [32] ), which involve negative feedback, yield trait responses that are unimodal (table 1) . Several large-scale data analyses show that the qualitative nature of trait responses (e.g. monotonic, unimodal) is conserved across ectotherm taxa [33, 34] . This allows us to develop a trait-based framework that applies across ectotherm taxa, habitat and latitudes.
(b) Temperature dependence of the invasion criterion
By substituting the resident and invader species' trait responses to temperature (table 1) into equation (2.4) and simplifying (electronic supplementary material, appendix C), we obtain the following mechanistic description of the invading consumer's per capita growth rate when rare:
where the subscripts R and I denote, respectively, the resident's and invader's trait parameters, and (T(t)) denotes the seasonal temperature regime.
(c) Scaling trait responses in terms of measurable parameters
In equation (2.5), the resident's and invader's trait responses reflect adaptations to the seasonal temperature regime of their respective native habitats. By expressing trait response parameters as functions of the species' thermal regime, we can better understand how temperature and competition jointly influence invasion success. Seasonal temperature variation is given by T(t) = M T − A T S(t) where M T is the mean habitat temperature in the resident species's native habitat, A T is the amplitude of seasonal fluctuations (A T = (T max − T min )/2), and S(t) = cos ((2πt)/τ) (or −sin ((2πt)/τ); t ¼ 365 days). We express the resident consumer's consumption optimum, reference temperature, and low temperature threshold as: T opt aR ¼ M T þ x, T RR = M T + y and T LR = M T − z where x and y are the positive deviations of the optimum and reference temperature from M T , and z is the negative deviation of the low temperature threshold. Because M T decreases with latitude, x and y increase with latitude [35, 36] .
We express the invader's parameters as:
where m, g and k are the deviations of the invader's optimum, reference temperature and the low temperature threshold from the resident's. Note that m, g and k are positive for tropical invaders (negative for temperate invaders) because tropical (temperate) ectotherms, being adapted to warmer (colder) thermal regimes, have higher (lower) thermal optima, reference temperatures, and low-temperature mortality thresholds compared with temperate (tropical) ectotherms. The invader's response breadth and temperature sensitivities of mortality are given by s aI ¼ vs aR (v > 0),
where v is the ratio of response breadths (v < 1 when the invader is from a lower latitude and vice versa), p 1 is the ratio of temperature sensitivities of mortality above the low temperature threshold, and p 2 , the equivalent ratio below this threshold (p i > 0 (i = 1, 2)).
We scale the temperature-independent parameters as:
Adaptation to a uniformly warm climate makes tropical ectotherms thermal specialists with narrower consumption response breadths and lower background mortality rates than temperate ectotherms, which are adapted to a more variable climate [28, 36, 37] . We therefore expect tropical invaders to have higher maximum consumption rates (by virtue of their thermal specialization) and lower mortality rates at the reference temperature (i.e. α > 1 and δ < 1). Electronic supplementary material, appendix C, table C1 gives a summary of all parameter definitions.
By substituting these scaling relationships into the equation (2.5) and simplifying (electronic supplementary material, appendix C), we obtain the following mechanistic description of the invasion criterion,
royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 287: 20191411 Equation (2.6) yields two key insights. First, consumption is affected only by the amplitude of seasonal fluctuations, while mortality is affected by both the mean temperature and amplitude of fluctuations. Thus, it is through mortality that ectotherms experience the full extent of temperature variation. Second, adaptations to their respective thermal environments lead to predictable differences between tropical and temperate ectotherms in their trait responses [35, 36] . For instance, tropical ectotherms exhibit thermal optima and reference temperatures closer to the habitat mean (x and y small), narrower response breadths (low s aR ), a higher threshold at which mortality starts to increase with decreasing temperature (small z), and higher temperature sensitivity below this threshold (A LR more negative) than temperate ectotherms (figure 1a-f ). With these insights in mind, let us now consider the three factors that affect invasion success.
(d) Factors affecting invasion success (i) Resource availability set by the resident consumer
Resource availability set by the resident consumer is determined by its consumption and mortality rates
The more positive the quantity inside the first exponent is, the higher is the resource availability. The resident's consumption response is determined by seasonal fluctuations (A T ) and adaptations to exploiting resources (x and s aR ). Its mortality response is determined by the mean temperature and seasonal fluctuations (M T and A T ), and adaptations to maximize longevity (A dR , A LR , y and z).
(ii) Invader's resource acquisition ability
The invader's resource acquisition ability is determined by its consumption response e (À(AT S(t)þxþm) 2 )=(2v 2 sa R 2 ) where x and s aR depict the resident species's adaptations to its native thermal environment, m and v represent the degree of mismatch between the invader's adaptations to its native habitat and the new habitat it invades, and A T depicts seasonal fluctuations in the new habitat. The invader's resource acquisition ability is maximized if the magnitude of the quantity inside the exponent is minimized, subject to the constraint that the resident's adaptation to its native thermal environment engenders a positive correlation between x and s aR (i.e. the wider the resident's response breadth, the farther away is its thermal optimum from the mean habitat temperature [35, 36] ). Within this constraint the invader's resource acquisition ability will be maximized if its thermal optimum falls within the temperature range experienced in the new environment (i.e.
, and its response breadth is sufficiently wide relative to that of the resident (v ≥ 1).
(iii) Invader's mortality
The invader's mortality response is given by
where M T and A T characterize the new thermal environment, A dR , y and z depict the resident's adaptations to this environment, and p 1 , p 2 , g and k, the invader's adaptations to its native thermal environment. The lower are the quantities within the exponents, the lower are the density-independent mortality rates.
(e) Predictions about invasion success
First, tropical invaders of temperate habitats should experience greater resource availability but lower resource acquisition ability than temperate invaders of tropical habitats. Second, temperate invaders should experience higher overall mortality in tropical habitats than they do in their native habitats while tropical invaders should experience lower mortality during the warmer periods of the year, and higher mortality during the colder periods, in temperate habitats than they do in their native habitats. Below we explain how these predictions come about.
(i) Latitudinal differences in resource availability
Temperate residents experience seasonal temperature regimes with low mean temperatures and high-amplitude fluctuations, which select for wide consumption response breadths (large s aR ), thermal optima and reference temperatures that wellexceed the mean habitat temperature (x ≫ 0, y ≫ 0) [35] [36] [37] , and low temperature thresholds well below the mean temperature (z ≫ 0). Tropical residents experience low-amplitude 
T RX (X = R, I ) = reference (baseline) temperature for mortality d X T R = per capita mortality rate at the reference temperature T LX = temperature threshold below which mortality increases with decreasing temperature A d X = Arrhenius constant for increase in mortality above the low temperature threshold A L X = Arrhenius constant for decrease in mortality below the low temperature threshold per capita birth and consumption rates
T opt A X (X ¼ R, I) = thermal optimum for birth/consumption rate A X Topt (A ¼ b, a) = birth/consumption rate at the optimal temperature T opt A X s A X = response breadth for birth/consumption rate temperature response of resource self-limitation monotonic fluctuations, which select for narrow response breadths (small s aR ), thermal optima and reference temperatures close to the mean habitat temperature (x ≈ 0, y ≈ 0) [35, 36] , and low temperature thresholds not too far below the mean temperature (small z). Temperate residents, which experience a lower mean habitat temperature, experience lower average mortality in their native habitats than tropical residents do in theirs (figure 1e,f). This combined with their optima exceeding the mean habitat temperature mean that the resource availability set by temperate residents exceeds that set by tropical residents (figure 1c,d ).
(ii) Latitudinal differences in resource acquisition ability Because they are adapted to a warmer thermal regime, tropical invaders have higher thermal optima (m > 0) and narrower response breadths (v < 1) than temperate residents. As a result, the resource acquisition ability of tropical invaders is reduced in a temperate thermal environment ( figure 1a,h) . The degree to which this occurs depends on the invader's thermal optimum relative to the maximum habitat temperature. Resource acquisition ability is greatly lowered if the optimum exceeds the maximum temperature (i.e. m > A T − x).
Because they are adapted to a cooler thermal regime, temperate invaders have lower thermal optima (m < 0) and wider response breadths (v > 1) than tropical residents. Since temperate invaders' thermal optima are at least several degrees below those of tropical residents while the amplitude of fluctuations in tropical habitats is about 2°at the most, |m| > A T . As a result, temperate invaders do not experience as large a reduction in resource acquisition ability as do tropical invaders ( figure 1a,b,g,h) . In terms of resource consumption therefore, tropical invaders do experience a harsher thermal environment than temperate invaders.
(iii) Latitudinal differences in mortality
Unlike resource acquisition ability, mortality is affected by both the mean habitat temperature and the amplitude of fluctuations. Consider first temperate invaders of tropical habitats. Given the warmer thermal regimes of the tropics, an increase in mortality at low temperatures is not an issue. The resident's and invader's respective adaptations to their native thermal regimes means that y ≈ 0 and g < 0, and the tropical thermal regime is such that A T S(t) > M T . This causes mortality to increase above that experienced by the temperate invader at its reference temperature ðdd RT R Þ. Therefore, temperate invaders experience higher mortality in tropical habitats than they do in their native habitats (compare figure 1f and k) .
The cooler temperatures of temperate habitats means that tropical invaders do not experience as high mortality during the warmer periods of the year as they do in their native habitats. Note that temperate residents' adaptations to a cooler thermal regime mean y ≫ 0 while the tropical invaders' adaptations to the warmer temperature regime of their native habitats means g ≫ 0. Thus, mortality during the warmer periods of the year falls below that at the tropical invader's reference temperature ðdd RT R Þ. The challenge for tropical invaders is the higher mortality they experience during the cold winters. Since the threshold below which mortality starts to increase with decreasing temperature is higher for tropical invaders than for temperate residents (i.e. k > 0), tropical invaders experience higher mortality during the colder periods of the year in temperate habitats than they do in their native tropical habitats. These considerations yield two key insights. First, tropical and temperate invaders face different challenges in terms of resource availability and resource acquisition ability (figure 1). Tropical invaders do not experience resource limitation (because of the high resource abundance set by temperate residents), but are limited by their lower resource acquisition ability in temperate habitats. Temperate invaders are not limited by resource acquisition ability but rather by the low resource abundance set by tropical residents. In other words, tropical invaders are limited less by competition than by maladaptation to a temperate thermal regime, while temperate invaders are limited less by thermal maladaptation than by competition from tropical residents.
Second, temperate and tropical invaders alike bear the full brunt of temperature variation through mortality. Tropical invaders experience lower mortality during the warmer periods of the year, and higher mortality during the colder periods, in temperate habitats than in their native habitats. Temperate invaders experience higher overall mortality than they do in their native habitats. This suggests that the warmer tropics may present as unfavourable an abiotic environment to temperate invaders as the cold temperate winters do to tropical invaders. At the same time, their lower resource acquisition ability in temperate habitats means that tropical invaders cannot take advantage of high resource availability set by temperate residents. The success of tropical invaders therefore hinges on their longevity in a temperate thermal environment.
Tropical invaders' adaptations to a warmer climate means that their low temperature thresholds are likely to be higher than, and their temperature sensitivity of mortality below this threshold at least as high as, those of temperate residents (i.e. k > 0 and p 2 ≥ 1). Whether tropical invaders' longevity in temperate habitats can compensate for the lower resource acquisition ability therefore depends on whether the increase in mortality below the low temperature threshold is compensated for by a decrease in mortality above the threshold. Adaptations to a warmer climate means that tropical invaders are likely to have lower intrinsic mortality rates within the reference temperature range (δ < 1). Lower mean temperatures in temperate habitats means that tropical invaders experience cooler thermal regime overall, and hence, lower average mortality above the low temperature threshold, than they do in their native habitats. Average mortality will be further reduced if tropical invaders exhibit greater temperature sensitivity of mortality above the threshold compared to the temperate residents (i.e. p 1 > 1).
(f ) Model analysis
We consider the best-and worst-case scenarios for each invader. The worst-case scenario for tropical invaders occurs when their (i) narrower consumption response breadth is not compensated for by a higher maximum consumption rate, making them competitively inferior to temperate residents (v < 1, α ≤ 1), (ii) baseline mortality rate and temperature sensitivity above the low temperature threshold are the same as for temperate species (δ = 1, p 1 = 1), and (iii) low temperature threshold occurs at a higher temperature, and temperature sensitivity of mortality below this threshold is high (k ≫ 0 and p 2 ≥ 1 for tropical invaders). This is the best-case scenario for temperate invaders because tropical residents exhibiting these parameter combinations should not be able to exclude temperate invaders. The worst-case scenario for temperate invaders occurs when tropical residents have a higher maximum consumption rate, greater temperature sensitivity of mortality above the low temperature threshold, a low baseline mortality rate, and a low temperature threshold that is relatively low (α > 1, p 1 > 1, δ < 1, k > 0). This is the best-case scenario for tropical invaders because temperate residents exhibiting this parameter combination should not be able to exclude them.
We use temperature and trait response parameter values realistic for insect species from tropical and temperate latitudes (electronic supplementary material, appendix D and table D1). We complement the invasion analysis via numerical simulations of the dynamical model (equation (2.1) ).
Results
Tropical invaders cannot invade temperate habitats when they have the same maximum consumption rate (α = 1), intrinsic mortality rate (δ = 1) and temperature sensitivity of mortality above the low temperature threshold ( p 1 = 1) as the temperate residents, and higher mortality below the low temperature threshold (k ≫ 0, p 2 ≥ 1; figure 2a-d) . This is to be expected since tropical invaders are, in this case, inferior to temperate residents in every aspect. What is surprising is that temperate invaders cannot invade tropical habitats under the same circumstances. The high mortality they experience in warm tropical climates, combined with the lower resource availability set by the tropical resident, prevents temperate invaders from increasing when rare in tropical habitats.
Of note, tropical invaders experiencing relatively low mortality during the colder periods of the year (k → 0 and p 2 = 1) can invade a temperate habitat even with the same maximum consumption rate (α = 1) and baseline mortality rate (δ = 1) as temperate residents, provided their response breadths are sufficiently wide and thermal optima are not too high as to exceed the maximum habitat temperature ( figure 3 ). This finding confirms that high mortality during the cold winters is the major limiting factor for tropical invaders.
When tropical invaders experience high mortality at lower temperatures (k > 0, p 2 > 1), either a lower intrinsic mortality rate (δ < 1) or a higher maximum consumption rate (α > 1) can allow successful invasion of temperate habitats ( figure 4a-d) . When they possess both (i.e. they are well adapted to their native tropical climate) invasion of temperate habitats is possible over a wide range of thermal optima and response breadths (figure 4e,f ).
Interestingly, the higher mortality they suffer in tropical climates is a stronger limiting factor for temperate invaders than resource limitation. Invasion is possible only if temperate invaders experience lower baseline mortality rates (δ < 1) and/or temperature sensitivities (p 1 < 1), and similar maximum consumption rates (α → 1; figure 5b ). It is evident that mortality is the stronger limiting factor because invasion success is low even when the temperate invader's maximum consumption rate approaches that of the tropical resident, unless the former's intrinsic mortality rate is substantially lower (figure 5d).
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Tropical and temperate invaders also differ in the outcome of invasion. When tropical species invade temperate habitats, they are more likely to coexist with the temperate resident than to exclude it; when temperate species invade tropical habitats, they are more likely to exclude the tropical resident ( figure 5 ). This is because higher-amplitude seasonal fluctuations in temperate habitats allow more opportunities for coexistence via temporal niche partitioning than in tropical habitats.
Discussion
A striking biogeographic pattern, observed in both extant and fossil taxa, is the greater success of lower-latitude ectotherms at invading higher-latitude habitats. Here we develop a mathematical framework to elucidate the ecological underpinnings of this pattern. We use mechanistic models of resource competition, based on R w theory [38] , which allows us to decompose competition into its basic components: competitive ability, which depends on the invading species's consumption rate, and resource limitation, which is determined by the resident species's consumption and mortality rates. Our trait-based approach identifies the conditions under which the observed directionality in invasion There are three parts to the puzzle of why tropical ectotherms should succeed in invading temperate habitats. First, how can tropical ectotherms, which are adapted to high mean temperatures and low-amplitude seasonal fluctuations, successfully invade habitats of low mean temperatures and high-amplitude fluctuations? Given tropical ectotherms' higher thermal optima and narrower response breadths, which restrict resource acquisition to the warmer periods of the year, and with the higher mortality they experience during the cold winters, it should make invasion of temperate habitats difficult, if not impossible. What we find, though, is that high-latitude thermal environments are not uniformly unfavourable to lower-latitude invaders. Tropical invaders experience lower mortality during the warmer periods of the year than they do in their native habitats, during which they can also acquire resources. The success of tropical invaders therefore hinges on the surviving the cold winters and acquiring sufficient resources during the warmer periods. Species with dormant or cold-resistant stages in their life cycle (e.g. eggs, spores, cysts, diapausing larval/pupal stages), and those whose low temperature threshold (k) and temperature sensitivity (p 2 ) are low (e.g. species adapted to cooler tropical environments such as montane rainforests), are likely candidates for withstanding colder winters at high latitudes. Strong empirical evidence for rapid acclimation to low temperatures (see below) suggests that surviving cold winters may be less challenging than previously thought.
As for acquiring resources, we find that tropical ectotherms experiencing high mortality during cold winters can invade temperate habitats only if they have a higher maximum consumption rate or a lower intrinsic mortality rate. In contrast, tropical ectotherms experiencing lower mortality during winters can invade even with the same maximum consumption and intrinsic mortality rates as the temperate residents, provided their thermal optima do not exceed the maximum habitat temperature. This suggests that plasticity in consumption responses may be crucial in tropical ectotherms' invasion success. Data suggest that lower-latitude arthropods exhibit disproportionately high phenotypic plasticity relative to the thermal regimes they experience, while higher-latitude arthropods exhibit only a proportional increase in plasticity (D. J. Smith & P. Amarasekare 2019, unpublished data). Whether this is a broader pattern applicable to other ectotherms is yet to be determined. We predict that successful tropical invaders of temperate habitats should exhibit low intrinsic mortality, higher-than-average response breadths, lower-than-average temperature sensitivity of mortality below the low-temperature threshold, and higher-than-average temperature sensitivity of mortality above this threshold.
The second question is why temperate ectotherms cannot exclude tropical invaders, given the latter's lower resource acquisition ability and higher mortality. Interestingly, if they can survive the cold winters upon colonization, successful establishment is not a challenge for tropical ectotherms. The very factor that makes temperate environments unfavourable-large seasonal fluctuations-also makes establishment easier by generating more opportunities for temporal niche partitioning. For instance, tropical invaders' higher thermal optima combined with lower mortality at higher temperatures allow them to take advantage of the warmer parts of the year, while temperate residents' lower thermal optima and higher mortality at higher temperatures reduce temporal overlap and competition strength. At the same time, their high mortality during colder temperatures prevents the tropical invaders from gaining enough advantage to exclude temperate residents. Hence, tropical invaders are more likely to coexist with temperate natives than to exclude them.
The third question is why temperate ectotherms cannot invade tropical habitats even when tropical residents are at an overall disadvantage. As predicted by classical theory [1] [2] [3] , greater resource limitation (due to the narrower window of resource availability) generates stronger competition in the tropics than in temperate habitats. What we find, however, is that temperate invaders are not inferior in their resource acquisition ability. Their wider response breadths enable them to acquire resources when they are available, particularly when they have similar maximum consumption rates as the tropical residents. It is the high mortality that prevents temperate ectotherms from invading tropical habitats. Indeed, we find that a temperate ectotherm can invade a tropical habitat only when it has the same or lower intrinsic mortality rate than the tropical resident. Interestingly, when mortality is sufficiently low that temperate invaders can colonize tropical habitats, they are more likely to exclude the tropical residents than to coexist with them. This is because temperate invaders do not experience as large a decline in resource acquisition ability as tropical invaders. Since the small seasonal fluctuations in the tropics do not provide for temporal niche partitioning, the R w rule operates and the species with the higher lifetime reproductive success excludes the other. Figure 5 . Invasibility as a function of species' differences in intrinsic mortality ratios (δ) and temperature sensitivity above the low-temperature threshold ( p 1 ; panels (a,b)), and intrinsic mortality ratios and maximum consumption rate (α; panels (c,d )). Parameter values are as in figure 2 except for m = 8, v = 0.5, k = 15, A L R ¼ À10 000 for tropical invaders and m = −8, v = 2.5, k = −15, A L R ¼ À20 000 for temperate invaders. (Online version in colour.) royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 287: 20191411
Our trait-based analysis yields two novel insights. The first is the role of density-independent mortality in limiting temperate ectotherms' ability to invade tropical habitats. This finding contradicts conventional wisdom that higher latitudes represent harsher abiotic environments, and suggests that warm tropical climates may pose as unfavourable a thermal environment as do cold temperate winters. Evidence of greater plasticity and faster acclimation of the lower temperature limit for viability (CT min ) compared with the upper limit (CT max ) lends further credence to our findings [39, 40] . For instance, CT min varies across latitudes while CT max remains relatively constant [41, 42] . Rapid acclimation of CT min in response to low temperature extremes [43] [44] [45] contrasts with limited acclimation of CT max to high temperature extremes [42, 46, 47] . In addition, many ectotherms exhibit adaptations to avoid/ameliorate the freezing of body fluids and other cold-related phenomena [48] [49] [50] . This contrasts with scant evidence for adaptations to avoid heat-induced protein denaturation and loss of respiratory function [30, 41, 49] . These findings strongly suggest that biochemical constraints at high temperature extremes are more stringent than those at low extremes, making acclimation to tropical habitats more difficult than acclimation to temperate habitats.
The second insight is about the interplay between abiotic variation and biotic interactions. We find that stronger competition in the tropics arises from resource limitation imposed by native species' adaptation to tropical climates rather than due to a lowering of temperate invaders' resource acquisition ability. This finding highlights how thermal adaptation can modify biotic interactions in unexpected ways. When temperate invaders fail, it is not because of lower competitive ability but because of the high mortality they suffer due to maladaptation to tropical habitats.
More broadly, our trait-based framework provides an ecological basis for such macroevolutionary questions as whether the tropics constitute a cradle or a museum of biodiversity [7, 8] . Through investigations of how temperature effects on phenotypic traits translate into population-level patterns of invasion success, our work elucidates the ecological mechanisms that allow tropical species to successfully expand their ranges into higher latitudes, and to prevent reinvasions of the tropics by taxa adapted to higher latitudes. Extending our framework to investigate the evolutionary dynamics of this question is an important future direction.
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